In the central nervous system, cyclin-dependent kinase 5 (Cdk5), an unusual member of the Cdk family, is implicated in the regulation of various physiological processes ranging from neuronal survival, migration and differentiation, to synaptogenesis, synaptic plasticity and neurotransmission. Dysregulation of this kinase has been demonstrated to play a critical role in the pathogenic process of neurodegenerative disorders. DNA damage is emerging as an important pathological component in various neurodegenerative conditions. In this review, we discuss the recent progress regarding the regulation and roles of Cdk5 under physiological conditions, and its dysregultion under pathological conditions, especially in neuronal death mediated by DNA damage.
Introduction
Cyclin-dependent kinase 5 (Cdk5), a proline-directed serine/threonine kinase predominantly expressed in the central nervous system (CNS), is a member of the cyclin-dependent kinase (Cdk) family. The amino acid sequence of Cdk5 has about 60% homology to that of human Cdk2 and cell division cycle kinase 2 (Cdc2) (Hellmich et al., 1992; Lew et al., 1992; Meyerson et al., 1992) . Cdk5 is largely inactive in the cell cycle and controlled by neuronally enriched noncyclin activators, p35 and p39, or their respective truncated forms, p25 and p29 (Dhavan and Tsai, 2001) .
Cdk5 plays a key role in the normal development of the CNS, regulating neuronal migration, axon growth, neurotransmission, synaptic plasticity, cognitive functions, and the maintenance of neuronal survival (Dhavan and Tsai, 2001; Gong et al., 2003; Ikiz and Przedborski, 2008; Qu et al., 2007; Tang et al., 2005) . However, dysregulation of Cdk5 is neurotoxic and may contribute to the pathogenesis of neurodegenerative disorders including Alzheimer disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS) and focal cerebral ischemia (Gong et al., 2003; Shelton and Johnson, 2004; Tang et al., 2005) . Interestingly, recent studies have implicated Cdk5 in neuronal DNA damage response.
Neuronal DNA damage caused by various neurotoxins or DNA repair gene mutations is related to the aging of the human brain (Huang et al., 2010; Mattson and Magnus, 2006; Rass et al., 2007; Segura Aguilar and Kostrzewa, 2004) . While DNA damage typically triggers cell-cycle checkpoints in proliferating cells, it reactivates cell-cycle machinery in post-mitotic neurons and induces their death (Tian et al., 2009) . Cdk5 regulates neuronal apoptosis and DNA repair pathway through phosphorylation of a number of novel substrates such as the phosphatidylinositol-3-kinase-like kinase ATM (ataxia telangiectasia mutated), antioxidant enzyme peroxiredoxin-2 (Prx2), p53 and base excision repair enzyme apurinic/ apyrimidinic endonuclease I (Ape1) (Huang et al., 2010; Kim et al., 2008; Lee et al., 2007; Tian et al., 2009) . The nuclear level of Cdk5 has been proposed to be associated with maintenance of the post-mitotic status in neurons . Thus, DNA damage response mediated by Cdk5 is emerging as a critical pathological component during neuronal stress and degenerative response.
Regulation of Cdk5
Unlike cell cycle-related Cdks, Cdk5 is activated by binding to its neuronally enriched activators, p35 and p39, and therefore, displays its function predominantly in post-mitotic neurons (Dhavan and Tsai, 2001 ). p35 appears to play a major role in the cerebral cortex while p39 is more important in cerebellum (Ko et al., 2001) . Cdk5 activity is tightly regulated in vivo. While defect of Cdk5 is destructive to the CNS, its hyperactivation is also toxic to neurons (Gong et al., 2003) . In general, Cdk5 activity is regulated by transcriptional control of p35 or Cdk5 genes, degradation of p35, phosphorylation of Cdk5 or p35, the interaction between Cdk5 and p35, the association of this complex with membranes, and the cleavage of p35 to p25 (Ishiguro, 2008) . p25 is a C-terminal proteolytic fragment of p35 generated by calpain. Since p25 is more stable than p35, it keeps Cdk5 hyperactivated. In addition, binding to p25 may change Cdk5 subcellular localization from membrane to cytoplasm and nucleus. Cdk5 phosphorylates various substrates at the serine/threonine site in the context of (S/T) PX (K/H/R) (Dhavan and Tsai, 2001) . The number of Cdk5 substrates in vitro is ever growing although not all of them have been confirmed in vivo. Cdk5 directly phosphorylates many proteins involved in modulating cell morphology and motility, in neural development, and in neuronal survival or death (Dhariwala and Rajadhyaksha, 2008; Plattner et al., 2008) .
The amount of p35 or p39 protein in neurons is a key determinant of Cdk5 kinase activity. During neuronal differentiation, neuronal growth factors or extracellular matrix proteins contribute to the stimulation of the synthesis of p35, which coincides with the increase in Cdk5 activity. Brain-derived neurotrophic factor, glial-derived neurotrophic factor, nerve growth factor (NGF), retinoic acid, laminin and neuregulin have all been reported to upregulate Cdk5 activity. On the other hand, degradation of p35 or p39 by proteasome results in downregulation of Cdk5 activity. During this process, Cdk5 phosphorylates p35 and induces its ubiquitination and subsequent degradation (Kamei et al., 2007) . In addition, phosphorylation of p35 regulates the membrane association of Cdk5/p35 complex. The kinase activity of Cdk5/p35 complex can be suppressed by binding to membranes (Sato et al., 2007; Zhu et al., 2005) .
Three phosphorylation sites at Thr14, Tyr15 and Ser159, have been identified in Cdk5. Phosphorylation on Tyr15 of Cdk5 elevates its kinase activity while phosphorylation at Thr14 shows an inhibitory effect. Phosphorylation of Ser159 is not necessary for Cdk5 activation. However, when this site is phosphorylated by casein kinase 1, the catalytic activity of Cdk5/p25 complex is increased (Dhavan and Tsai, 2001) .
The literature on Cdk5 and cyclins remains controversial. Several studies have reported that Cdk5 may interact with normal cyclins, including cyclins D, E and even DNA polymerase component, PCNA (Guidato et al., 1998; Mao, 2008; Matsunaga, 2000; Xiong et al., 1992) . Moreover, Cdk7/cyclin H are shown to phosphorylate Cdk5 at Ser159 (Rosales et al., 2003) . Although far from universal acceptance, these findings hint at the possibility that cyclins may be involved in the regulation of Cdk5. Consistent with this, Cdk5 mRNA and protein expression are also detected in non-neuronal tissues and cells where p35 or p39 levels are believed to be low. These include kidney, testes, ovary, myocytes, pancreatic β-cells, glial cells, monocytic and neutrophilic leucocytes (Dhavan and Tsai, 2001; Rosales and Lee, 2006; Smith et al., 2001) . Non-neuronal cell functions modulated by Cdk5 include differentiation/development, exocytosis, gene expression/transcription, adhension/migration, tissue regeneration/wound healing, senescence, hormone regulation and Endothelial cell migration and angiogenesis (Dhavan and Tsai, 2001; Liebl et al., 2010; Rosales and Lee, 2006) .
Neurotoxins can cause the dysregulation of Cdk5 through generating p25 from p35 or stabilizing Cdk5/p35 complex. Selective inhibition of p25 has been explored as a strategy to specifically disrupt the hyperactivation of Cdk5 (Zheng et al., 2010; Zheng et al., 2005) . Chemical inhibitors of Cdks such as roscovitine, olomoucine, and butyrolactone I are used to inhibit Cdk5/p35 and Cdk5/p25 complexes, allowing one to test the involvement of Cdk5 in particular neuronal activities. Other protein factors are also able to regulate Cdk5 kinase activity. For example, both casein kinase 2 and C42 protein inhibit Cdk5 activity through preventing the p35-associated activation of Cdk5 (Ching et al., 2002; Lim et al., 2004) .
Physiological functions of Cdk5 in the CNS
Cdk5 activity is essential for a variety of neuronal functions in both developing and mature neurons (Dhavan and Tsai, 2001; Smith et al., 2001) . To perform these diverse functions, Cdk5 displays extensive crosstalks with various regulatory pathways including mitogenactivated protein kinase-receptor tyrosine kinases (Zheng et al., 2007) , c-Jun N-terminal kinase 3 (Li et al., 2002) , phosphoinositol-3-kinase/protein kinase B (Liu et al., 2008) and glycogen synthase kinase 3β signaling pathways (Kanungo et al., 2009; Morfini et al., 2004) .
Cdk5-deficienct (Cdk5 −/− ) mice provide an essential tool to understand Cdk5 functions in the development of the CNS. The prenatal mortality of Cdk5 −/− mice is more than 60%, and the newborns die within 12 h of birth (Ohshima et al., 1996) . This early lethality is suggested to be caused by degenerative changes in large neurons of the brain stem, such as motor neurons in the lower cranial nerve nuclei and spinal cord (Pareek and Kulkarni, 2008) . Perturbations of neuronal migration are considered to be the main neuronal pathology in Cdk5 −/− mice, which exhibit morphological abnormalities in the structure of cerebral cortex with neurogenic gradient inverted from the normal inside-out development. The role of Cdk5 in neuronal migration is well supported by its substrates such as nestin, focal adhesion kinase, and doublecortin as well as its regulation of actin, microtubule, and intermediate-filament cytoskeletal components (Lambert de Rouvroit and Goffinet, 2001; Xie and Tsai, 2004) . Cdk5 −/− mice also display abnormalities at the pre-and post-synaptic neuromuscular junction, abundant intramuscular nerve projection and anomalous branching patterns (Fu et al., 2005; Gilmore et al., 1998) . Due to the redundancy of p39, p35 −/− mice show a milder phenotype than Cdk5 −/− mice, but p35 and p39 double knockout mice display an identical phenotype as that of Cdk5 −/− mice (Chae et al., 1997; Ohshima et al., 2001) .
Cdk5 activity is associated with axonal and neurite growth. Cdk5, p35, and p39 are all present in the growth cones of extending neurites (Fu et al., 2002) . Cdk5 −/− mice display defects in elongation of axons (Paglini and Caceres, 2001; Smith and Tsai, 2002) . In cortical neurons, inhibition of Cdk5 activity attenuates NGF-mediated dendrite outgrowth by inhibiting transcription factor Egr-1, while phosphorylation of transcription factor signal transducer and activator of transcription 3 (STAT3) leads to NGF-induced neurite outgrowth (Nikolic et al., 1996) . Aside from NGF, other extracellular cues such as neurotrophins, semaphorins and ephrins have been shown to control extension and arborization of dendrites. Cdk5 is known to mediate some of these signals via phosphorylation of the receptor tyrosine kinases Trk receptor B, the Wiskott-Aldrich syndrome protein-family verprolin homologous protein 1, or collapsing response mediator protein 2 (Cheung and Ip, 2007; Kim et al., 2006; Uchida et al., 2005) .
Cdk5 phosphorylates many downstream substrates such as Rho and Ras family small GTPases (e.g., Pak1, Rac1, RhoA, Cdc42) or microtubule-binding proteins (e.g., Tau, MAP2, MAP1b), and modulates actin dynamics (Paglini et al., 1998) to regulate neurite growth and/or spine morphogenesis (Fu et al., 2001; Rimer, 2003) .
In the mature CNS, through phosphorylation of a number of substrates associated with neurotransmitter release and synapse plasticity, Cdk5 regulates multiple steps critical for neurotransmitter synthesis, synaptic vesicle exocytosis, vesicles fusion with the presynaptic membrane, and endocytosis (Benavides and Bibb, 2004; Bibb, 2003; Lagace et al., 2008; Zheng et al., 1998) . For example, Cdk5 phosphorylates tyrosine hydroxylase and may be involved in the synthesis of catecholamine neurotransmitters, such as norepinephrine, dopamine, and epinephrine. Cdk5 phosphorylates exocytosis associated proteins such as Muc18, Sept5, Synapsin 1, and Pctaire 1 as well as endocytosis associated proteins such as dynamin I, amphiphysin 1 and synaptojanin 1 at synaptic terminals (Chung, 2008; Tomizawa et al., 2003) . Through controlling these downstream effectors, Cdk5 may act as either a positive or a negative regulator of exocytosis/endocytosis depending on certain physiological conditions (Nguyen and Bibb, 2003; Tan et al., 2003) .
Cdk5 phosphorylates its synaptic substrates to regulate structural and functional plasticity. For example, phosphorylation of N-methyl-D-aspartate (NMDA) receptor subunit NR1 and NR2 by Cdk5 controls channel properties and localization. Cdk5 also affects calpainmediated NR2B degradation and thus influences NMDA receptor conductance (Lai and Ip, 2009 ). The functions of Cdk5 and its activators in learning, memory and pain response have begun to be illustrated. Cdk5 activity is observed to be elevated during associative learning and fear conditioning (Fischer et al., 2002) . In p35 −/− mice, spatial learning and long-term depression induction are both impaired . On the other hand, long-term potentiation induction is enhanced in high-level p25-expressing mice, accompanied by an increase in spine density (Fischer et al., 2005) . p35 −/− mice also display abnormalities in pain signaling. Cdk5 −/− pups show no response to noxious cutaneous pinching (Fu et al., 2005) . Similarly, mice lacking Cdk5 expression predominantly in C-fiber neurons have evident hypoalgesia in response to thermal activation (Pareek et al., 2007) .
Cdk5 and neurodegenerative disease
Neuronal death is an important contributor to the pathology of neurodegenerative diseases. Though Cdk5 has been shown to promote cell survival by direct activation of the antiapoptotic proteins Bcl-2 and STAT3 or negative regulation of c-Jun N-terminal kinase 3 activity (Cheung et al., 2008; Courapied et al., 2010; Li et al., 2002; Zheng et al., 2007) , dysregulation of Cdk5 activity is toxic to neurons and contributes to neuronal death in various neurodegenerative models/diseases such as AD, ALS, PD, and Huntington's disease. This can happen via aberrant elevation of p25 levels. Under neurotoxic stress and neuronal injury conditions, p35 is cleaved by calpain to generate p25 in response to increased intracellular calcium. The elevated level of p25, when in complex with Cdk5, leads to subcellular misallocation as well as the hyperactivation of Cdk5 (Ko et al., 2001) . Mislocalized activation of Cdk5 may result in altered substrate specificity. In support of the above notion, aberrant activation of Cdk5 in the nucleus leads to direct phosphorylation of a known neuronal survival factor transcriptional factor myocyte-specific enhancer factor 2D (MEF2D) (Gong et al., 2003; Tang et al., 2005) . Phosphorylation by Cdk5 at Ser444 converts MEF2D into a good substrate for caspases, leading to a caspase-dependent degradation and subsequently neuronal death. This mechanism is relevant in vivo since neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) induces phosphorylation of MEF2D by Cdk5 in dopaminergic neurons in the substantial nigra region, contributing to the neuronal death in a mouse model of PD (Smith et al., 2006) . In addition, Cdk5 can phosphorylate Parkin and Prx2, impair mitochondrial functions, and mediate neural cell death in models of PD (Avraham et al., 2007; Sun et al., 2008) . Consistent with these reports, both increased levels of p25 and Cdk5 are observed in the brain of PD patients (Alvira et al., 2008) .
Cdk5 has been hypothesized to contribute to tau pathology, a hallmark of AD (Flaherty et al., 2000; Sengupta et al., 1997) . Hyperphosphorylation of tau by Cdk5 disrupts its ability to bind and stabilize microtubule, leading to the disruption of axonal transport and neuronal death. Familial mutations in tau contributes to neurodegeneration in frontotemporal dementia with parkinsonism associated with chromosome 17 (FTDP-17) (Sakaue et al., 2005) . Hyperphosphorylation of FTDP-mutant tau is evident in p25 transgenic animal brains. Tau and AD-like pathologies disappear following mutation of all SP/TP sites in transgenic Drosophila overexpressing tau (Steinhilb et al., 2007) . Silencing of Cdk5 by RNA interference (RNAi) can also attenuate the phosphorylation of tau in vitro and in vivo (Piedrahita et al., 2010) . Together with GSK3β, Cdk5 can generate disease-associated phospho-epitopes on Tau and regulate Aβ production (Cruz et al., 2006; Imahori and Uchida, 1997; Phiel et al., 2003) .
Emerging evidence suggests that several strategies aimed at reducing Cdk5 activity protect neurons from toxicity in models of neuronal stresses. For example, both calpain inhibitor calpastatin, which blocks cleavage of p35 to p25, and dominant-negative Cdk5 protect neurons against MPTP toxicity (Smith et al., 2003; Smith et al., 2006) . The Cdk5/p25specific inhibitory peptide, or its derivative p5, has been tested for the treatment of ischemic stroke in models of the disease (Slevin and Krupinski, 2009; Zheng et al., 2010; Zheng et al., 2005) .
Cdk5 and DNA damage
DNA damage is known to stimulate the protease calpain, which mediates the conversion of p35 to the more potent Cdk5 activator p25. Cdk5 activity is found to be increased during the early phases of DNA damage (Lu et al., 2004) . Aberrant Cdk5 activity is associated with dysregulation of cell cycle events in neurons. Aside from this general correlation, several recent studies indicate that Cdk5 plays a more direct and important role in modulating DNA damage response in neurons (Figure 1) . The phosphatidylinositol-3-kinase-like kinase ATM is identified as a novel substrate of Cdk5. ATM is a serine/threonine kinase and plays an essential role in the maintenance of genomic integrity. ATM regulates cell cycle checkpoint control, DNA repair, and apoptosis in response to DNA damage by phosphorylating a number of critical proteins including p53, H2AX, breast-cancer-associated 1, p53-binding protein 1 and the checkpoint kinase CHK2 (McKinnon, 2004) . Oxidation of ATM can directly induce ATM activation (Guo et al., 2010) . How ATM activity is regulated by DNA damage signal was not entirely clear. It has been shown now that camptothecin damages DNA and induces calpain-dependent cleavage of p35 to p25 to activate Cdk5. Cdk5, in turn, directly phosphorylates ATM at Ser794 in neurons. Ser794 phosphorylation seems to be an upstream initiation event because it precedes and is required for ATM autophosphorylation at Ser1981, leading to activation of ATM kinase activity. In post-mitotic neurons, Cdk5-ATM signal regulates phosphorylation of p53 and H2AX, resulting in expression of neuronal death genes such as puma and bax as well as γH2AX foci formation (Tian et al., 2009 ). This Cdk5-ATM pathway is utilized by neurons in response to a number of other DNA damage regents in addition to camptothecin such as etoposide and bleomycin. Downregulation of Cdk5 by inhibitor roscovitine or Cdk5 RNAi blocks ATM phosphorylation at both Ser794 and Ser1981 and inhibits DNA damage-induced cell cycle reentry, consistent with previous observation that repression of such ectopic cell-cycle activity attenuates neuronal apoptosis (Liu and Greene, 2001) . Cdk5 can also directly interact with p53 following mitomycin C-induced DNA damage (Tian et al., 2009 ). Phosphorylation of p53 by Cdk5 at Ser15, Ser33 and Ser46 enhances its stabilization and induces transactivation of p53 target genes (Lee et al., 2007) .
Cdk5 plays a role in neurotoxin-induced DNA damage response in models of PD. Experimental models of PD can be developed following administration of neurotoxic compounds such as MPTP, metoclopramide, butyrophenones, rotenone and reserpine (Langston et al., 1983; Mocko et al., 2010; Ogata et al., 1997) . In animals, MPTP is converted to its toxic metabolite, 1-methyl-4-phenyl-pyridinium (MPP + ), by glia. After specific uptake by dopaminergic neurons, MPP + perturbs calcium homeostasis and mitochondrial dysfunction, leading to oxidative stress (Wang and Yuen, 1994) . The levels of oxidative stress, which can induce DNA strand breaks, are high in the brain of PD patients and believed to be a critical mediator of damage in PD (Caldecott, 2004; Rhee et al., 2005) . Reactive oxygen species is reduced by enzymatic antioxidants, including glutathione, catalase, thioredoxins, and peroxiredoxins (Prxs). Peroxidase Prx2 is an antioxidative enzyme (Low et al., 2008) localized in the neuronal cytoplasm. It plays a protective role against the oxidative damage by utilizing cysteine residues to decompose hydrogen peroxide (Han et al., 2005) . MPTP activates Cdk5, which in turn phosphorylates Prx2 at Thr89 and decreases its peroxidase activity. This is believed to contribute to increased oxidative stress. Inhibition of Cdk5, p35, or calpain decreases MPTP-induced loss of dopaminergic cell bodies and behavioral deficits (Qu et al., 2007; Smith et al., 2003) .
Another nuclear Cdk5 substrate implicated in DNA damage repair is Ape1. The base excision repair (BER) pathway is responsible for cleaning up damaged nucleotides and apurinic/apyrimidinic (AP) sites and restoring the chemical integrity of DNA. Ape1 functions as a key enzyme in the BER pathway. As a reduction-oxidation factor, Ape1 not only enhances the DNA binding activity of a number of transcription factors such as AP-1, NFκB, HIF-1α, and p53 but also maintains them in a reduced state liable for transcription (Evans et al., 2000) . Ape1 is also associated with the control of the apoptosis process (Vanlerberghe et al., 2002) . MPP + treatment leads to Cdk5-dependent phosphorylation of Ape1 at Thr232 in neurons. This reduces its AP endonuclease activity and interferes with its repair function. Phospho-Ape1 has been observed in the nuclei of dopaminergic neurons from patients with PD or AD (Huang et al., 2010) , suggesting that the defects of Ape1 function may contribute to the pathogenic process in some neurodegenerative disorders.
Huntington's disease is a dominant genetic neurodegenerative disorder caused by the mutation in the gene encoding the protein huntingtin. Huntingtin is an anti-apoptotic protein. Phosphorylation of huntingtin by Cdk5 at Ser1181 and Ser1201 protects neurons against polyglutamine expansion as well as DNA damage mediated toxicity (Anne et al., 2007) .
In addition to phosphorylation of proteins, Cdk5 may also affect DNA integrity through histone deacetylase 1 (HDAC1) independent of its kinase activity. Histone acetylation elevates transcription via chromatin modification and is critical for neuronal proliferation and differentiation. HDACs regulate chromatin structure and gene expression by removing acetyl groups from histones to attenuate the accessibility of transcription factors to DNA (Cerna et al., 2006) . Different classes of HDACs are implicated in a number of neuronal functions. HDAC1 is involved in the repression of cell cycle genes required for cell proliferation, such as p21/WAF, E2F1, cyclins A and E, Hus1, Rad1and Rad9 (Brehm et al., 1998; Cai et al., 2000; Lagger et al., 2002; Rayman et al., 2002; Stiegler et al., 1998) . In addition, HDAC1 plays a role in gene silencing through the cooperation with the methylbinding proteins and DNA methyltransferases (Dobosy and Selker, 2001) . Cdk5/p25 interacts with and inhibits HDAC1 (Kim et al., 2008) . Cdk5-induced inhibition of HDAC1 function in neurons correlates with increased DNA damage, dysregulation of cell cycle activity, and neuronal death.
Summary
Recently, several pathways connecting Cdk5 and neuronal death in response to DNA damage have been delineated. It is now clear that Cdk5 plays a much more prominent role in regulating neuronal response to DNA damage than previously realized. Although certain aspects of this newly discovered role for Cdk5 remain to be further clarified, it now appears that the neurotoxic effects of Cdk5 dysregulation involve, at least in part, defective DNA damage response. Cdk5 constitutes a molecular link between processes involving DNA damage, irregular cell cycle progression, and neuronal stress response. Identifying key Cdk5 substrates/effectors associated with these processes will provide potential therapeutic targets for neurodegenerative disorders.
Research Highlights DNA damage is emerging as an important pathological component in various neurodegenerative conditions. Based on most recent relevant findings we discuss the progress regarding the roles of Cdk5 in mediating DNA damage signal in neurons. Schematic representation demonstrates Cdk5-mediated neuronal death in response to neurotoxic signals.
